To summarize evidence on cognitive outcomes after heart valve surgery; secondary aim, to examine whether aortic and mitral valve surgery are associated with different cognitive outcomes. DESIGN: Preferred Reporting Items for Systematic Reviews and Meta-Analyses systematic review and meta-analysis. SETTING: Cardiac surgery. PARTICIPANTS: Individuals undergoing heart valve surgery. MEASUREMENTS: We searched MEDLINE, EMBASE, and PsycINFO for peer-reviewed reports of individuals undergoing heart valve surgery who underwent pre-and postoperative cognitive assessment. Our initial search returned 1,475 articles, of which 12 were included. Postoperative cognitive results were divided into those from 1 week to 1 month (early outcomes, n pooled = 450) and from 2 to 6 months (intermediate outcomes; n pooled = 722). No studies with longer-term outcomes were identified. RESULTS: Subjects had moderate early cognitive decline from baseline (Becker mean gain effect size (ES)= −0.39 ± 0.27) that improved slightly by 2 to 6 months (ES=-0.25 ± 0.38). Individuals undergoing aortic valve surgery-who were older on average than those undergoing mitral valve surgery (68 vs 57)-had greater early cognitive decline than those undergoing mitral valve surgery (ES=-0.68 vs −0.12), but both cohorts had similar decline 2 to 6 months postoperatively (ES=-0.27 vs −0.20). CONCLUSIONS: Heart valve surgery is associated with cognitive decline over the 6 months after surgery, but outcomes beyond 6 months are unclear. These findings highlight the cognitive vulnerability of this population, especially older adults with aortic stenosis.
T he American Heart Association (AHA) estimates that nearly 8 million individuals have had inpatient cardiovascular surgeries and procedures in the United States, 1 but risk of subsequent cognitive decline is poorly understood. 2 Most studies on cognitive outcomes after heart surgery have focused on coronary artery bypass grafting (CABG) surgery cohorts, 3 and contemporary CABG studies increasingly focus on person-specific factors that contribute to cognitive decline. 4, 5 Much less attention has been paid to cognitive outcomes after surgery for valvular heart disease (VHD). In 2014, an estimated 156,000 heart valve surgeries occurred in the United States, 1 and the most common valve condition leading to valve surgery was aortic stenosis. This is of pressing concern for geriatricians because individuals aged 65 and older represent the vast majority of aortic valve surgery candidates 1 and because the number of older adults with calcific aortic stenosis is projected to double by 2050 in the United States and Europe. 6 Furthermore, older age is among the strongest predictors of cognitive decline after CABG surgery. 4, 7 Therefore, understanding cognitive trajectory after surgery for VHD is of critical public health significance for older adults.
Post-CABG cognitive outcomes are not necessarily generalizable to individuals undergoing VHD surgery. Whereas CABG and VHD surgery are each associated with the general risks of open-heart surgery, they differ in many other important respects. As we briefly outline in the following 2 paragraphs, identifiable risk factors for postcardiotomy cognitive dysfunction may be specific to the person or the procedure.
Person-specific factors include those related to surgical disease (e.g., coronary or rheumatic heart disease) and associated risk factors (e.g., older age in aortic stenosis). 8 Calcific aortic valve disease is the most common type of VHD in inpatient medical settings, and the prevalence increases with age. 1, 9 It commonly causes cerebral emboli and resultant brain injury 10 and accounts for nearly half of all VHD-related deaths in the United States. 11 Infectious endocarditis is less common than aortic stenosis but, when present, typically requires surgery. It shares a bidirectional relationship with other types of VHD in that structural valve changes or hardware increases risk of endocarditis, and endocarditis leads to further valve degradation. Other types of VHD such as mitral valve regurgitation and congenital heart disease involve unique risks and natural history. 12 Procedure-specific factors include open-heart surgery and the specific surgical techniques of various procedures (e.g., repair vs replacement). 3 For instance, individuals undergoing VHD surgery are at greater risk of embolic phenomena than those undergoing CABG. 13, 14 The increasing adoption of transcatheter aortic valve replacement (TAVR) as an alternative to surgery-typically for older adults who are poorer candidates for surgery-also deserves consideration because such noninvasive procedures may be associated with an even greater risk of microembolism and stroke 15, 16 even while offering distinct benefits over surgery (e.g., shorter hospitalization). 15 A recent meta-analysis of cognitive outcomes after TAVR found no decline in perioperative or long-term cognition from baseline. 17 To our knowledge, no similar systematic meta-analysis of studies evaluating cognitive outcomes after VHD surgery has been conducted.
The primary aim of this systematic review and metaanalysis was to evaluate current evidence on cognitive outcomes after VHD surgery. The secondary aim was to examine whether aortic and mitral valve surgeries are associated with different cognitive trajectories.
METHODS

Literature Search
We searched PubMED (title, abstract), EMBASE (title, abstract, author-supplied key words), and PsycINFO (title, abstract, key concept) from inception to July 2016 for peerreviewed publications that describe individuals undergoing VHD whose cognition was evaluated before and after surgery. Using Boolean logic, we combined sets of terms pertaining to heart valves (valvular, valve*, aortic, and mitral), surgery (surgical, surgery, operation, replace*, repair*, prosthe*, annuloplast*) and cognition (neurocognit*, cognit*, neuropsych*, psychometr*, memor*, executive function*, dement*, neurobehavi*). The reference sections of pertinent studies and literature review articles were also examined to identify additional studies that were not found in the initial database search.
Inclusion and Exclusion Criteria
We included longitudinal, peer-reviewed articles that described VHD surgery cohorts in whom standardized neuropsychological testing was administered before and after surgery so that cognitive trajectory could be established. The initial literature search yielded 1,475 unique records after de-duplication. After one author (JV) reviewed each article's title and abstract, 1,238 records were excluded because they did not present a cohort of individuals undergoing VHD surgery (k = 830, all studies including transcatheter valve procedures were excluded because indications for such procedures are evolving), studies of VHD surgery that omitted cognitive testing before or after surgery (k = 201), nonstudies such as commentaries and books (k = 134), and case series of fewer than 10 individuals (k = 73).
Two authors (JV, MO) reviewed full texts of the remaining 237 articles (disagreements about whether a study satisfied inclusion criteria were reviewed with 2 other authors (HL, DY)), and an additional 225 articles were excluded for lack of peer review (k = 84), presenting a mixed sample of individuals undergoing various procedures, with pooled results preventing analysis of the subset undergoing VHD surgery (k = 59; cohorts with subjects undergoing concurrent CABG were excluded), missing preor postoperative neuropsychological testing (k = 43), insufficient data reported to calculate an effect size and study authors did not respond to requests for data (k = 18), English version was unavailable (k = 16), follow-up assessments were years after the original surgery (k = 2), a duplicate separate report of a cohort was already included (k = 1), a study's follow-up was only 3 days after surgery to assess delirium (k = 1), and a study was from before 1960 and involved outdated medical procedures (k = 1).
Twelve original articles were included in the metaanalysis effect size calculations using study-level data ( Figure 1 ). Articles often included more than 1 sample, so each unique sample within a article was treated as an independent cohort. We separated original articles into 11 cohorts with outcomes up to 1 month after VHD surgery and 14 cohorts with outcomes from 2 to 6 months after surgery.
Coding
Valve surgeries were coded as mitral repair, mitral replacement, aortic replacement, and every combination of these surgeries (e.g., mitral repair and aortic replacement). There were no studies on aortic repair surgeries. The included studies were coded according to their timing after valve surgery, with all preoperative neuropsychological testing being counted as baseline and postoperative testing being categorized into 1 month after surgery (early outcome) or 2 to 6 months after surgery (intermediate outcome). Cognitive performance was measured at a global level based on neuropsychological test scores. Results were not subdivided into specific cognitive domains (e.g., attention, motor control, verbal fluency) because of the small number of studies. Each study's neuropsychological tests and cognitive domains are described in Supplementary Table S1 . For studies that provided more than 1 neuropsychological test score, a cognition composite effect size was calculated by taking the average of the test score effect sizes.
Statistical Analysis
A change from pre-to postoperative cognitive performance was calculated using a within-subject standardized mean gain effect size. The effect size statistic for pre-post contrasts is in the form of a standardized difference between Time 1 and Time 2 means and standard errors. The following statistical formulas were developed for meta-analysis application. 18 Effect Size :
Inverse Variance Weight of Effect Size :
Test of Heterogeneity
A test of heterogeneity was used to determine whether study effect size variation was larger than expected from that of sampling error. To achieve this, we used the Q statistic, which has a chi-square distribution with k -1 degrees of freedom, where k is the number of effect sizes. 19 In the formula below, ES i is the individual effect size for i = 1 -k, ES is the weighted mean ES over the k effect sizes, and w i is the individual weight for each ES:
A Q statistic that exceeds the critical value indicates that the differences between the effect sizes have some source other than subject-level sampling error. 20 Because the Q statistic exceeded the critical value in the current meta-analysis, a random effects model was used to account for the additional random variance component by applying a penalty term to the weight:
Original weight ðold inverse varianceÞ : W SG = 1 SE 2
SG
New weight ðinversevarianceÞwith penalty term :
RESULTS
Within the first month after valve surgery, subjects on average experienced cognitive decline from preoperative baseline, with a moderate effect size of −0.39 (Table 1 ). All but 2 of the 12 cohorts with cognitive assessment up to 1 month after surgery experienced decline in cognition. Of these 2, one identified no change 1 month after surgery, 14 and the other found slight cognitive improvement on postoperative day 7 after mitral valve repair. 24 The effect size of average cognitive change 2 to 6 months after surgery was −0.25, indicating persistent overall cognitive decline, although the magnitude of this decline was smaller than that observed within the first postoperative month and may reveal incomplete cognitive recovery (Table 2) . One-third of included cohorts assessing cognition for up to 6 months found small improvements in cognition, whereas 2 additional cohorts found no change at follow up. 24, 26 Grouping studies according to valve type-mitral, aortic, mixed-found that aortic valve surgery was associated with greater early cognitive dysfunction than mitral valve surgery, although outcomes in all 3 cohorts converged as they approached 6 months (Figure 2 ). The cognitive trajectories after mitral and aortic valve surgery differed in Figure 1 . Preferred Reporting Items for Systematic Reviews and Meta-Analyses diagram.
JAGS DECEMBER 2018-VOL. 66, NO. 12 COGNITIVE OUTCOMES AFTER HEART VALVE SURGERYpattern of decline as well. Mitral valve surgery was associated with mild, progressive decline from the 1-month assessment to assessment 2 to 6 months after surgery, whereas cognitive function after aortic valve surgery was worse the month after surgery and recovered partly thereafter. We also found that valve type was associated with age-individuals undergoing aortic valve surgery were older (68) than those undergoing mitral valve surgery (57)-introducing the potential for confounding. The included studies differed markedly in design and hypothesis. Four studies compared cognitive trajectory of subjects undergoing VHD surgery with that of those undergoing CABG surgery, with only select differences noted between these surgical populations. 13, 14, 21, 22 Two studies reported no difference at any point. 14, 22 Of the differences identified, cognitive differences were reported at baseline in only 1 study; individuals undergoing CABG scored worse than those undergoing valve surgery on tests of verbal learning, reaction time, and executive function. 13 Regarding postoperative cognition, all findings of statistically significant cognitive change found that individuals undergoing VHD surgery declined more than those undergoing CABG. 21 Several studies attempted to explain cognitive impairment according to insults such as intraoperative microemboli 13, 14 and postoperative cortical injury. [22] [23] [24] [25] Two studies assessed intraoperative microembolic signals and found that VHD surgery was associated with greater microembolic burden than CABG, 13, 14 but because participants in these studies did not decline cognitively, the putative association between microemboli and cognition remains theoretical. New brain lesions on diffusion-weighted magnetic resonance imaging were not associated with postoperative cognitive outcome. 25 Three studies by the same researchers evaluated postoperative change in P300 auditory evoked potentials (AEP), a measure of cerebral network integrity. [22] [23] [24] They found that the AEP of individuals undergoing CABG had improved at 4 months, but those undergoing aortic valve replacement experienced worsening. 22 In a follow-up study, biological but not mechanical replacement valves were associated with prolonged AEP latency at 4 months, although baseline characteristics confounded this finding because individuals who received biological valves were significantly older and had a higher average EuroSCORE. 23 Finally, P300 AEP latency was found to worsen 4 months after mechanical mitral valve replacement but remain stable after mitral valve repair. 24 Two articles described randomized controlled trials of interventions to mitigate cognitive decline after VHD surgery. 27, 29 Intraoperative infusion of gastrodin, a Chinese herb with a range of purported neuroprotective and antiinflammatory actions, reduced risk of cognitive decline 3 months after VHD surgery, 27 but in the second randomized trial, intracardiac carbon dioxide insufflation was not found to improve cognitive outcomes. 29 
DISCUSSION
Subjects undergoing VHD surgery are at risk of cognitive decline over the first several months after surgery. Because randomization is not possible for most individuals undergoing VHD surgery, this current meta-analysis represents the cumulative best evidence regarding the cognitive vulnerability of this unique surgical cohort. Although we identified a greater burden of early decline in those undergoing aortic valve surgery, these individuals were older than those undergoing mitral valve surgery. It is unclear to what extent surgical valve or advanced age may lead to this observed early cognitive vulnerability. Our findings contrast with those of a recent review of cognitive outcomes after TAVR. 17 We found a decline in cognition up to 1 month, with incomplete return to baseline by 6 months, whereas the other study found cognitive improvement 1 month after TAVR, although improvements were no longer significant at 3 or 6 months. This discordance is especially noteworthy because the pooled cohort in the TAVR meta-analysis was 2 decades older (≥ 80) than that in our current review and (≥60). Comparisons of surgical and transcatheter AVR are less than ideal because indications for these approaches differ. Surgical AVR is more invasive but performed in healthier, less cognitively vulnerable individuals, whereas TAVR is less invasive but is generally performed in older, more cognitively vulnerable individuals. 31 Despite the imperfect comparison between these cohorts, individuals undergoing TAVR appear to fare better cognitively. 32 The determinants of cognitive decline after VHD surgery are multifactorial, although leading considerations include embolic phenomena, intraoperative cerebral hypoperfusion, cerebral autoregulation, temperature during surgery, and neuroinflammation. 3, 33, 34 Although cardiopulmonary bypass has long been thought to cause postoperative cognitive decline, studies in individuals undergoing CABG have yielded conflicting results. Restricting a literature review to randomized studies yields consistent nonnegligible postoperative differences favoring off-pump surgery-be it at the time of discharge with subsequent recovery, 35 specifically 3 months after CABG, 36 or 3 months after surgery with resultant recovery by 12 months. 37 It is intuitive that this risk extends to individuals undergoing VHD surgery. The question of whether anesthesia directly causes postoperative cognitive decline remains unanswered. 38 Neuroprotection in VHD surgery deserves growing consideration. Of the putative risk factors for postoperative cognitive decline, cerebral microemboli-especially calcific emboli-have emerged as a leading potentially modifiable factor. Early evidence suggests that interventions such as the embolic deflection device (TriGuard HDH, Keystone Heart Ltd., Caesarea, IL, USA) may prevent not only cerebral emboli during valve procedures, but also resultant cerebral insults. 39 Nevertheless, studies have failed to offer definitive evidence of cerebral microembolic burden as a cause of postoperative cognitive decline in CABG or VHD surgery. The potential protective effect of intraoperative hypothermia has been investigated, but results were inconclusive. 34 The relationship between cognitive decline and comorbid medical and psychiatric conditions with VHD also deserves investigation. For instance, hyperlipidemia and coronary heart disease in individuals with VHD are predictors of postoperative cognitive decline, 29 and calcific aortic valve disease is a known cause of calcific cerebral emboli that can result in brain ischemia and stroke. Specifically, our subgroup analysis according to valve type is susceptible to confounding according to age; it remains unclear whether age may have played an even more important role in cognitive outcome than valve type. Future studies would do well to define cohorts not only according to surgical valve type or specific procedure, but also according to underlying VHD pathology while accounting for the effect of other known risk factors of cognitive decline such as age.
The primary strength of our report is its comprehensive, quantitative approach. Becker's mean gain effect size allowed us to define change in global cognition and compare studies that assess disparate cognitive domains, but we are unable to comment on specific cognitive domains because these studies used various tests from different neuropsychological batteries. Furthermore, effect sizes should be interpreted with caution, especially when effect sizes are small, as reported here.
Other limitations of this meta-analysis reflect gaps in the literature. Studies of cognitive outcome after VHD surgery vary in design, population, surgical intervention type, hypothesis, cognitive assessment, and follow-up duration. In addition, studies have inconsistently reported surgical and other covariates associated with cognitive impairment. For example, it was unclear how many enrolled subjects might have undergone previous VHD surgery or another heart surgery. It is also unclear whether educational level, social support, cardiovascular disease severity, hypertension, diabetes mellitus, or depression influenced cognitive outcomes. Finally, most studies assessed cognition at only 2 time-points, which prevents analysis of greater temporal resolution of cognitive change. This population's apparent cognitive vulnerability calls for greater awareness. It should also encourage routine preoperative cognitive assessment to establish cognitive baseline and postoperative assessment to monitor trajectory. The early postoperative cognitive dysfunction in older adults undergoing SAVR may begin to prompt providers to discuss this risk with patients. Postoperative delirium prevention, early ambulation, medication review, and geriatrician consultation for preoperative optimization are critical to preserving postoperative cognitive health.
Our findings call for future studies to identify determinants of cognitive decline after heart valve surgery and to investigate long-term cognitive outcomes, which remain effectively unstudied. Future studies to define risk factors for cognitive decline after surgery for VHD should focus on person-related factors as the most likely meaningful predictors of cognitive outcomes. 4 Also, with increasing availability of TAVR, comparative data on determinants of cognitive trajectory between TAVR and VHD surgery would be highly relevant for choice of procedure for individuals with VHD, especially older adults.
CONCLUSIONS
Individuals undergoing heart valve surgery are at risk of cognitive dysfunction up to 6 months after surgery. Aortic valve surgery, which is performed more commonly in older adults, entails greater risk of early cognitive dysfunction within the first month after surgery than mitral valve surgery, but cognition in both groups appears to converge by 6 months. Longer-term cognitive outcomes after VHD surgery remain largely unstudied. Potential cognitive decline should be studied in this population. These findings call for further investigation aimed at refining risk stratification and prevention strategies in this group, in which cognitive vulnerability is widely underrecognized.
